INTRODUCTION
It has recently been recognized that tissue macrophages show replication and colony formation in vitro by cultures with colony-stimulating factors (CSFs) which essentially stimulate hemopoietic progenitor cells to differentiate into granulocytes or macrophages' . These macrophage(M) colony-forming cells (M-CFCs) may be a putative stem cell popu lation required for the renewal of tissue macrophages, although the real role and the kinetics in vivo still remain unknown. Some investigations have reported different radio sensitivity among these M-CFCs2-5) . However, it is not clear whether such differences among M-CFCs may reflect the presence of macrophage stem cell subsets or the differ entiation processes of macrophages regulated by a tissue-specific microenvironment6 .
In this study, we compared the radiosensitivity of M-CFCs from pulmonary alveolar macrophages (PAM), peritoneal exudate cells (PEC), and bone marrow cells (BMC) after in vitro ionizing y-irradiation. The results indicate differences in radiosensitivities among the populations of tissue M-CFCs, and also imply heterogeneity regarding the clonal growth by several CSFs and macrophage-specific antigen expression.
MATERIALS AND METHODS
Animals: Female C3H/He mice, 8 to 10-week-old, maintained in our breeding facility, were kept under a barrier condition. Cell Preparations: Pulmonary alveolar macrophages (PAM) were obtained by repeated bronchoalveolar lavage as previously described7). More than 95% of cells recovered were identified as macrophages by morphologic criteria. Peritoneal exudate cells (PEC) were harvested 5 days after intraperitoneal injection of 1.0 ml of 3.0% thioglycollate medium (Difco Lab., Detroit, MI). About 60-70% of PEC were macrophages, 20-30% lymphocytes, and 10-20% polymorphonuclear leukocytes. Bone marrow cells (BMC) were prepared by flushing femoral bones. All of these cells were then resuspended in RPMI-1640 medium (Flow Laboratories, McLean, VA) supplemented with 10% fetal bovine serum (FBS; GIBCO, Grand Island, NY), 100 µg/ml streptomycin and 100 U/ml penicillin. The number of nucleated cells was counted by a Coulter counter (Model ZM; coulter Electronics, Hialeah, Fla). Differential counts were made on cytocentrifuged preparations stained with May-Grunwald Giemsa, and non-specific esterase. Indirect Immunofluorescence: For determinations of monocyte/macrophages, monoclonal antibodies, Mac-1, Mac-2 (both from ATCC, Rockville, MD) and F4/80 (a gift of Dr. S. Gordon) as well as polyclonal anti-asialo GM, (AsGM1) antibody (from Wako Chemicals, Tokyo, Japan) were applied to cell preparations and stained for indirect immunofluorescence using FITC-conjugated anti-rat and anti-rabbit IgG (both from DAKO, Co.). Irradiation: Cell preparations in an ice-cold medium were irradiated with a 137 Cs-source giving a dose rate of 1 Gy/min immediately before cultures. Irradiations were performed at room temperature under a sterilized condition. Assays for Colony-Forming Cells (CFCs): To compare the colony formation and surviving fractions after irradiation, we incubated each of cell preparations in a soft agarose culture7). Briefly, either 2 x 104 BMC, 1 x 104 PEC or 1 x 104 PAM in 0.36% soft agarose (Sea Plaque, FMC Bioproducts, Rockland, ME) medium were plated on a top of base layer of 0.5% semi-solid agarose medium containing 10% FBS and either 20% L-cell conditioned medium (L-CM) as a source of macrophage colony-stimulating factor (CSF-1)s), or 500 U/ml murine recombinant granulocyte-macrophage colony-stimulating factor (rGM-CSF; Sumitomo Pharmaceutical Co., Japan) in triplicate 35-mm tissue culture dishes (Falcon 3001, Oxnard, CA), and incubated at 37°C in a humidified environment of 5% CO2 in air. Incubation period was 7 days for BMC cultures, 21 days for the PEC and PAM cultures, respectively. All cultures were then dehydrated, fixed and stained with May-Grunwald Giemsa or non specific esterase for counting colonies. In some experiments, cultures were plated in liquid medium containing each of the CSFs instead of agarose medium, incubated for 7-14 days, and examined for surface antigen expressions on the colony-forming cells by indirect immunofluorescence using an ACAS 470 laser cytometer (Meridian Instrument, Okemos, MI). Cells to be analysed were randomly selected in colonies of 30 cells or more, and the digitized scan was stored for analysis of fluorescence intensity with the ACAS software by the operator. 
RESULTS

Clonal Growth and Surface Antigen Expression of Colony-Forming Cells
We first compared the clonal growth of peritoneal exudate cells (PEC), pulmonary alveolar macrophages (PAM) and bone marrow cells (BMC) in soft agarose medium containing rGM-CSF or CSF-1 (L-CM). BMC were stimulated by these CSFs to make macrophage (M) and granulocyte-macrophage (GM) colonies after 7 days of cultures. Both PEC and PAM showed only macrophage colony formation on soft agarose medium after 21 days of incubation, and their cloning efficiencies were much higher than those of BMC (Table 1 ). The clonal growth of PEC and PAM by rGM-CSF was more effectively achieved with higher cloning efficiencies than by CSF-1. While most colonies (95% or more) of PEC and PAM were smaller in size than those of BMC, their colony-forming cells (CFCs) were found to be non-specific esterase-positive. To further characterize these CFCs, surface antigen expression on CFCs was analysed by indirect immunofluorescence using an ACAS 470 cytometer. Although the expression of AsGMI, Mac-1 or Mac-2 was variable, most of the CFCs were strongly positive for F4/80 antigen specific for macrophages9). There were no significant differences in the mean fluorescence intensities (FI) between cultures with rGM-CSF and CSF-1.
These findings indicate that rGM-CSF as well as CSF-1 can induce the growth of macrophage colony-forming cells (M-CFCs) in several tissues10). We designated each CFC as follows; bone marrow CFC (BM-CFC), peritoneal exudate CFC (PE-CFC) and alveolar CFC (AL-CFC). were incubated on soft agarose medium containing rGM-CSF (500 U/ml) following in vitro ?-irradiation (1 Gy/min). The surviving fraction of each CFC was normalized as ratio to the unirradiated control. Data represent mean ± SD of three separate experiments. 
Effect of Radiation on the Survival of Tissue CFCs
We next compared the effects of ionizing y-irradiation on the survival of each CFC incubated on agarose medium containing rGM-CSF. After in vitro exposures to total doses from 1 to 5 Gy with dose rates of 1.0 Gy/min, dose-response curves of surviving fractions for each CFC were obtained by a least squares regression analysis of the data (Fig. 1) . A marked reduction of the survival was noted for BM-CFC at a dose less than 0.5 Gy, and for PE-CFC at a dose less than 1.0 Gy. However, AL-CFC survival was almost sustained at doses of 1.0 to 1.5 Gy. When the slope (Do), quasithreshold dose (Dq) and extrapolation number (n) were estimated in the linear region of the curve, all of these values were the highest for AL-CFC ( Table 2) . The values of PE-CFC were also higher than those of BM-CFC.
Because BMC also form M and GM-colonies by cultures with CSF-1, we compared the survival of BM-CFC by incubating BMC with either CSF-1 or rGM-CSF after in vitro y irradiation. As shown in Fig. 2 , the Do value was higher (1.2 Gy) in cultures with CSF-1 than that (0.8 Gy) obtained from the cultures with GM-CSF, whereas the values of Dq (0.3 Gy) and n (1.3) were almost identical both in the cultures with CSF-1 or GM-CSF. The survivals of PE-CFC or AL-CFC incubated with CSF-1 were not, however, different from those with GM-CSF (data not shown).
Surface Antigen Expression on CFCs Following Irradiation
To assess whether surface antigen F4/80 is constantly expressed on CFCs after irradiation, cells incubated in a liquid medium containing rGM-CSF were analysed by indirect immuno fluorescence. Following y-irradiation at doses of 1 to 5 Gy, the mean fluorescence intensity (Fl) for F4/80 antigen expression was not affected on AL-CFCs or BM-CFCs (Table 3) . However, the FI on PE-CFCs was diminished in about a half of the unirradiated controls. Similar effects of irradiation were observed in the cultures with CSF-1. Fig. 2 . Dose-survival curves of BM-CFC incubated with either rGM-CSF or L-CM. BMC (2X 104) were incubated on soft agarose medium containing rGM-CSF (500 U/ml) or CSF-1 (20% L-CM) after y-irradiation (1 Gy/min). The surviving fraction was normalized as ratio to the unirradiated control. Data represent mean ± SD of three separate experiments.
DISCUSSION
Blood monocytes and tissue macrophage populations outside the hemopoietic organs have a capacity to proliferate and form colonies in vitro with CSF-11,3,a,11,12> It has recently been shown that PE-CFC can also be stimulated or regulated by other CSFs including GM CSF10) and interleukin-3 (IL-3) 13) both of which are required for the clonal growth and differentiation of either committed or pluripotent stem cells in the hemopoietic organs. Our results indicate that rGM-CSF stimulated the clonal growth of PE-CFC more effectively than CSF-1. AL-CFC was also stimulated with a higher efficiency by rGM-CSF than by CSF-1, as previously described 8 The present study showed differences in the survival and surface antigen expression of CFCs incubated either with rGM-CSF or CSF-1 following y-irradiation. When survival curves were compared among three CFC populations, AL-CFC was the most radioresistant, whereas BM-CFC was the most radiosensitive. The dose-survival response of both PE and AL-CFCs were constant when cells were incubated either with rGM-CSF or with CSF-1. However, only the survival curves of BM-CFC were different between the cultures of BMC with GM-CSF and CSF-1, and the Do value (1.2 Gy) of BM-CFC induced by CSF-1 was almost consistent with that of PE-CFC (Figs. 1 & 2) . These findings indicate that BM-CFC induced by CSF-1 is more radioresistant than that induced by GM-CSF, suggesting that BMC may contain CFC subsets with different radiosensitivity, or that the radiosensitivity of BM-CFC might be dependent on CSFs or other growth factors.
The surface antigen expression on CFCs except for PE-CFC was not sensitive to the present irradiation regimen. Thus, macrophage-specific F4/80 expression was constant on AL-CFC as well as BM-CFC following -y-irradiation at doses from 1 to 5 Gy. On the contrary, F4/80 expression on PE-CFC decreased following irradiation. Because no dose effect relationships were observed, it remains unknown whether or not F4/80-positive PEC may be radiosensitive. The changes of F4/80 expression may rather be due to heterogeneous subpopulations of PEC showing different antigen expression or depression by cultures (data not shown).
In conclusion, tissue macrophage CFCs show heterogeneity in their responsiveness to CSFs and in their radiosensitivities, reflecting the presence of CFC subsets. AL-CFC is one of the most radioresistant M-CFC subsets, although the real mechanisms for inducing M CFCs with different radiosensitivities are not clear6)
.
